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osting by E
cense.Abstract Polarizability (a) and ﬁrst hyperpolarizability (b) have been calculated for a set of substi-
tuted all-trans hexatriene NO2-linker-D compounds at TDHF and CPHF/6-31+G* levels of
theory. Effects due to the nature of D/A pair type on the geometrical structural and the electrical
proprieties are investigated. It turns out that electronics polarizability and ﬁrst hyperpolarizability
are considerably intensiﬁed by the functionality of amino groups, as well the pair NO2/NEt2 asso-
ciated the greatest a and b values. The relationships between be and bv are investigated and for mol-
ecules with N heteroatom at the donor groups considered the bvL(0)/b
e þ L(0) ratio lies in the range
1.04–1.36. Although the level of theory employed herein gives signiﬁcantly different results only for
the vibrational, longitudinal hyperpolarizability counterpart than those obtained by Bishop et al.
(1998) at the RHF level, the overall conclusions remain unchanged. For both static and dynamic
polarizabilities values an excellent agreement between the CPHF, TDHF and PM6 results, they give
a correlation coefﬁcient of 0.96 and 0.95, respectively. The frequency and solvent effect were also
considered.
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lsevier1. Introduction
In recent years, a lot of research effort has been devoted to sec-
ond-order nonlinear optical organic materials due to their high
potential in photonic applications such as active wavelength ﬁl-
ters, optical switches, modulators and for THz wave generation
(Gunter, 2000; Nalwa, 2001, 2008). For high-speed second-or-
der NLO applications, such as electrooptics (EO), second-har-
monic generation (SHG), optical parametric oscillation (OPO),
and optical rectiﬁcation (OR), including terahertz (THz) wave
generation, a highly asymmetric electronic response of the
material to the external electric ﬁeld is required (Ma et al.,
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Figure 1 Illustration of the functional groups D and A was
investigated in this work.
30 N.S. Labidi et al.2002). Second-order NLO organic materials are most often
based on P-conjugated systems linking a donor (D) and an
acceptor (A) that shows a large NLO response and hence have
been well studied. In addition to the advantage in the synthesis
of organic materials have ultra fast response times, photostabil-
ity, and large hyperpolarizability (b) values. Consequently, they
are projected as forefront candidates for fundamental and ap-
plied investigations. Small conjugated linear compounds like
disubstituted hexatriene A–(CH‚CH)3–D are interesting can-
didates, they have been widely studied due to their attractive
structural characteristics on the molecular scale, extensive P-
conjugation, good planarity, and strong electron donor and
acceptor groups at opposite ends of the molecule and a noncen-
trosymmetric structure (Kanis et al., 1994; Bishop et al., 1998;
Chen and Mukamel, 1995; Sheng et al., 1998; Meyers et al.,
1994; Marder et al., 1994; Champagne et al., 2000). The level
of SHG response of a given material is inherently dependent
upon its structural attributes. On a molecular scale, the extent
of charge transfer (CT) across the NLO chromophore deter-
mines the level of SHG output. The greater the CT, the larger
the SHG output (Oudar and Zyss, 1982). The search for larger
hyperpolarizabilities combines the selection of a bridge and the
better functionality (donor–acceptor) that maximises the non-
linear optical response of organic molecules, consequently a
number of quantum mechanical studies have been devoted to
predicting these properties. (Hyper)polarizabilities have been
evaluated on the optimized geometries with several ab initio
methods, i.e., HF, MP2, MP4, CCSD, and CCSD(T), using
the 6-31G(d), 6-31G+(d), and 6-311+G(d), cc-pVDZ, aug-
cc-pVTZ basis sets (Torrent-Sucarrat et al., 2003; Zalesny
et al., 2007; Dunning, 1989; Jacquemin et al., 2000; Skwara
et al., 2007). Several exchange–correlation functionals such as
B3LYP (Becke, 1988) PBE0 (Adamo and Barone, 1999). The
SOS method was utilized for calculation of hyperpolarizabili-
ties (static and dynamic) at TDHF and DDFT levels (Masunov
and Tretiak, 2004). In view of the fact that semiempirical calcu-
lations intrinsically contain electron correlation because of the
parametrization with experimental results, this shows the way
for widespread use. The most common types at various levels
of approximation, namely, PPP (Li et al., 1992), complete ne-
glect of differential overlap (CNDO) Morley, 1988, intermedi-
ate neglect of differential overlap (INDO) Albert et al., 1996,
applying the AM1 (Sheng and Jiang, 1998), PM5 (Nalin de
Silva, 2005), MNDO and MNDO/d (Malagoli and Thiel,
1996) Hamiltonians, are readily available in the MOPAC
software package.
After many years of investigations there is a need to recon-
sider some basic concepts using ab initio methods, to establish
an appropriate computational method further reﬁnement and
better basis sets are still needed to obtain more qualitative
and quantitative results. One of the objectives of this investiga-
tion is to evaluate the substitution effects on the polarizability
(a) and ﬁrst hyperpolarizability (b) and the contribution of
vibrational and electronic counterparts of all-trans substituted
hexatriene by ab initio method using extended bases containing
optimally chosen diffuse polarization functions. The other
objective is to compare the ab initio results with the semi
empirical results employing PM6 Hamiltonian. Finally we con-
sidered the frequency dispersion effect and solvent effect to of-
fer more information about the inﬂuences on the molecules’
NLO proprieties, which will be beneﬁcial for the future exper-
imental studies.2. Computational aspects
The molecular structures were optimized at the density func-
tional theory (DFT) level using the B3LYP exchange–correla-
tion functional and the 6-311G* basis set under the condition
that the residual forces are less than 105 au (tight keyword).
Pol(hyperpolarizability) was evaluated at different levels of
approximation. First, the time-dependent Hartree–Fock
(TDHF) and coupled perturbed Hartree–Fock (CPHF) Sekino
and Bartlett, 1986 schemes were applied for obtaining dynamic
and static ﬁrst hyperpolarizabilities, respectively using Gauss-
ian 03 (Frisch et al., 2003). The TDHF calculations were car-
ried out using the common wavelength of k= 1064 nm. The
solvent effects on the optical properties were modelled using
the integral equation formalism of the polarizable continuum
model (IEFPCM) Tomasi et al., 2005. The semiempirical cal-
culations PM6 were performed using MOPAC2009 (Stewart,
2009). Molecular volumes were found from optimized
MM+ geometries using HyperChem v7 (Hyper Chem, 2000).
3. Results and discussion
3.1. Basis set effects on polarizabilities
To establish an appropriate computational method for study-
ing the static and dynamic polarizabilities for substituted
trans-hexatriene Fig. 1, we compared different basis set at
the time-dependent Hartree–Fock (TDHF) level of theory.
The results of the representative dynamic polarizabilities for
trans hexatriene are given in Table 1.
The results for average polarizability, presented in Table 1
show that the largest basis set aug-cc-pVTZ and the smallest
631G provides the largest and the smallest value for a, respec-
tively. The addition of d-polarization functions tends to in-
crease in the amean magnitude, while the p-polarization
functions have negligible impact. Going from double-f to a tri-
ple-f leads to smaller increase in amean except when diffuse
functions are added. The results obtained using the aug-cc-
pVDZ, cc-pVDZ and cc-pVTZ basis sets are the closest to
the HF limit and are taken as reference. From this one can
say that diffuse and polarization functions lead to similar
trends for amean.
Fig. 2 compares the values of static and dynamic ﬁrst
hyperpolarizabilities for hexatriene with different basis set.
The effect of polarization functions is seen very clearly,
d-polarization functions tend to decrease in the hyperpolariz-
abilities magnitude both static and dynamic bvec whereas the
p-polarization functions leads to smaller changes. Going from
a double-f to a triple-f basis set leads an increase but is not
dramatic on hyperpolarizabilities. When adding diffuse func-
tions this always leads to an increase in bvec values. The results
Table 1 Basis set effects on the TDHF (k= 1064 nm)
polarizabilities responses of substituted all-trans hexatriene.
The (a) values are given in atomic units (1.0 a.u. of
polarizability = 1.6488 · 1041 C2 m2 J1 = 0.14818 A˚3).
Basis set axx ayy azz Æaæ
6-31G 155.65 19.52 58.36 77.84
6-31G* 154.77 22.17 58.18 78.37
6-31G** 155.78 22.92 58.82 79.17
6-31+G 168.65 43.23 62.04 91.31
6-31+G* 168.17 45.36 61.86 91.79
6-311G 160.69 27.76 60.24 82.90
6-311G* 160.61 30.29 60.04 83.65
6-311G** 161.67 31.59 60.65 84.64
6-311+G* 168.22 45.86 61.95 92.01
6-311+G** 169.60 46.76 62.57 92.98
cc-pVDZ 159.99 26.99 60.40 82.46
cc-pVTZ 166.32 38.39 63.11 89.27
aug-cc-pVDZ 172.41 51.96 66.21 96.86
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Figure 2 Effects of basis set on static and dynamic ﬁrst
hyperpolarizability of hexatriene.
Substitution effects on the polarizability (a) and ﬁrst hyperpolarizability (b) of all-trans hexatriene 31obtained using the aug-cc-pVDZ, cc-pVDZ and cc-pVTZ basis
sets reproduces approximately the CPHF and TDHF results.
It can be concluded that diffuse and polarization functions
lead to opposite trends for bvec. There is also a good agreement
between the results obtained using 6-31+G*, 6-311+G* basis
set which provides a good approximation to these more ex-
tended basis sets, and constitutes the best compromise between
accuracy and computational costs. The choice of the basis
appropriate for the prediction of NLO properties was critically
addressed by many authors (Bishop et al., 1998; Chen and
Mukamel, 1995; Sheng et al., 1998; Meyers et al., 1994;
Marder et al., 1994). The common consensus is that the basis
set must contain polarization and diffuse functions for the
reliable estimation of b. For conjugated organic molecules,
the 6-31+G* basis set provides sufﬁcient accuracy to predict
relative hyperpolarizabilities, useful in the systematic search
for NLO-active molecules. From these results, it is also clear
that the 6-31+G* and 6-311+G* basis sets were found to
be more than adequate for obtaining consistent trends forpolarizabilities and hyperpolarizabilities values, and are cer-
tainly the best compromise between accuracy and computa-
tional costs.
3.2. Effects of electron acceptor/donor substituents on
(hyper)polarizabilities
The results of static and dynamic polarizability (a) and ﬁrst
hyperpolarizability (b) using 6-31+G* basis set for structures
Fig. 1 are given in Table 2.
The mean polarizability was calculated from the polariz-
ability components as (Kanis et al., 1994):
hai ¼ 1
3
ðaxx þ ayy þ azzÞ ð1Þ
Table 2 compares the calculated values of static and dy-
namic polarizabilities for substituted all-trans hexatriene at
the 6-31+G* basis set. For all series the dynamic polarizabil-
ities are slightly higher than the static one’s the percent differ-
ence is about 4%. From compounds under study, the smallest
and the largest enhancement of average polarizability are due
to the pairs NO2/OH and NEt2/NO2, respectively. For both
static and dynamic polarizabilities the largest increment of
Da is seen to be due to –NEt2 donor group Da= 84 (a.u.)
and the two smallest increments are due to –OH and –CH3 do-
nor groups, respectively Da= 10 and17 (a.u.). Our results,
performed at 6-31+G* level, reveal that for trans hexatriene
when hydrogen atoms were substituted by –OH, –CH3 and –
NH2 which are especially strong electron donors, their linear
polarizabilities became larger to a certain extent than that of
hexatriene. The addition of large end groups –NEt2, –NMe2,
–NHMe, –NHEt leads to an increase of mean polarizability
and also leads to an increase of longitudinal polarizability axx.
From these results, it is inferred that strong charge transfer sub-
stitutions are not necessarily good candidates for systems with
large polarizabilities. In accordance with previous ab initio
results (Shin-ichirou et al., 1991). As regards to these substituted
hexatriene, we are able to propose a decreasing classiﬁcation,
relatively to themeandynamic polarizability Æaæ. The established
order is as follows: NEt2 > NHEt > NMe2 > NHMe>
NHNH2>NHOH>NH2> OCH3 > CH3 > OH.
To appreciate the evolution of static polarizability as a
function of molecular volume with varying substitution pat-
terns, we calculated the relative efﬁciency parameter polariz-
ability density: (q= Æaæ/V) where V is the molecular volume
(Kanis et al., 1994). First it can be seen from Fig. 3 that large
and strong substituents with N heteroatom donor groups –
NH2 –NHNH2, –NHMe, –NHEt, –NMe2 and –NEt2, produce
the larger polarizability density as compared to the small do-
nor groups –OCH3, –CH3 and –OH. According to the results
plotted in Fig. 3 the increase trends for the polarizability den-
sity q are in the order qNHMe > qNHNH2 > qNMe2 > qNHEt >
qNH2 > qNEt2 > qNHOH > qOCH3 > qOH > qCH3 > H. One
can also notice that polarizability density depends more on
the nature of the donor groups, small substituted groups –
CH3, –OCH3 and –OH strongly reduces q values. For the large
substituents with N heteroatom polarizability density vary al-
most in the same order of molecular volume.
The graphical representations of static and dynamic mean
polarizabilities versus the number of electrons are shown in
Fig. 4. It is apparent from this ﬁgure that there are signiﬁcant
correlations among mean polarizabilities and the number of
Table 2 Static and dynamic polarizability and ﬁrst hyperpolarizability. The b and a values are given in atomic units (1
a.u. = 3.2063 · 1053 C3 m3 J2 = 8.641 · 1033 esu).
NO2, Y k= 1064 nm k=1
Æaæ Da bL bvec Æaæ Da bL bvec bTDHF/bCPHF
H 115.74 0.00 2156.3 1944.4 112.15 0.00 1338.6 1188.2 1.64
CH3 132.43 16.69 3370.4 3355.0 128.25 16.10 2076.2 2076.2 1.62
OH 125.83 10.09 4312.7 4256.2 121.52 9.37 2691.7 2671.6 1.59
OCH3 143.53 27.79 5205.8 5064.9 138.49 26.34 3159.8 3082.5 1.64
NHOH 144.16 28.42 5824.2 5736.8 138.75 26.60 3512.8 3470.3 1.65
NH2 140.74 25.00 6642.7 6923.4 134.98 22.83 3877.1 4099.6 1.69
NHNH2 153.33 37.59 7661.9 7679.7 147.09 34.94 4472.0 4512.8 1.70
NHMe 159.82 44.08 8188.2 8391.5 153.08 40.93 4651.2 4825.8 1.74
NHEt 174.50 58.76 8748.5 8981.4 167.33 55.18 4924.0 5118.3 1.75
NMe2 173.08 57.34 8904.7 9381.1 165.93 53.78 4955.3 5300.4 1.77
NEt2 199.34 83.60 10179.5 10921.9 191.45 79.30 5554.1 6063.1 1.80
Da: Polarizability difference on substitution of Y into NO2–(CH‚CH)3–Y.
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Figure 3 Dependence of the polarizability density for substituted
hexatriene.
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Figure 4 Graphical representation of calculated mean polariz-
abilities for substituted hexatriene versus the number of electrons.
32 N.S. Labidi et al.electrons. Both polarizabilities have linear relation with Ne.
The linear regression equations are:
k ¼ 1 : hai ¼ 24:64788þ 2:07333 Ne ðR ¼ 0:97072Þ
k ¼ 1064 nm : hai ¼ 28:30697þ 2:18833 Ne ðR ¼ 0:96787Þ
The excellent quality of linear correlation is evident from
R coefﬁcients, which are shown above, Based on this fact,
one can extrapolate Æaæ and various components of a
tensor for every unlimited disubstituted polyacetylene NO2–
(CH‚CH)n–Y.
Fig. 5 shows the 6-31+G* polarizability of substituted
hexatriene versus calculated by PM6. The CPHF/6-31+G*
polarizabilities are generally a few percent different from the
corresponding values calculated at PM6 level, the percent
difference is about 1–11%. We notice the good, absolute
agreement between the calculated polarizabilities values at
6-31+G* basis set and PM6, they give a good correlation
coefﬁcient (R= 0.96) which means that PM6 results can be
accurately scaled for such molecules.
Table 2 shows calculated static and dynamic ﬁrst hyperpo-
larizabilities bvec, bL and the b
TDHF/bCPHF ratio. The complete
equation for calculating the magnitudes of b from Gaussian 03
output are given as follows (Gunter, 2000).
bvec ¼ ðb2x þ b2y þ b2zÞ1=2 ð2Þ
b== ¼
bðiÞ  lðiÞ
lkk ð3Þ
bðiÞ ¼
1
5
bði;j;jÞ þ bðj;i;jÞ þ bðj;j;iÞ
 
ð4Þ
The results in Table 2 establish the inﬂuence of different
substituents on the ﬁrst hyperpolarizability of trans hexatriene.
The b values are the largest for the disubstituted hexatriene
than for the monosubstituted ones b(NO2/NEt2) > b(NO2/
H). Substituted groups methyl, hydroxyl and methoxy produce
modest enhancements of the ﬁrst hyperpolarizability, as illus-
trated by the 1-methyle-6-nitro-hexatriene (bvec1064 = 3355.0
a.u.), 1-hydroxy-6-nitro-hexatriene (bvec1064 = 4256.2 a.u.)
and 1-methoxy-6-nitro-hexatriene (bvec1064=5064.9 a.u.).
Given this enhancement, this substituents are frequently
incorporated in organic second-order NLO materials. Perhaps
surprisingly, dialkylamino substitution produces a greater
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Figure 5 CPHF/6-31+G* polarizability of substituted hexatri-
ene versus calculated by PM6.
Table 3 Norms of the l and b vectors, angle (h, in degrees)
between them, b// and bvec values as determined at the TDHF/
6-31+G* level of approximation. All l and b values are given
in a.u.
No. Molecule NO2, Y TDHF/6-31+G* (k= 1064 nm)
||l|| ||b|| h b//
1 H 2.71 1944.4 4.2 1163.5
2 CH3 3.13 3355.0 1.8 2012.0
3 OH 3.43 4256.2 15.7 2458.9
4 OCH3 3.72 5064.9 13.7 2952.2
5 NHOH 3.66 5736.8 4.5 3431.4
6 NH2 4.54 6923.4 6.7 4125.6
7 NHNH2 4.92 7679.7 3.1 4601.1
8 NHMe 4.70 8391.5 6.4 5003.2
9 NHEt 4.81 8981.4 6.6 5353.4
10 NMe2 4.76 9381.1 6.2 5595.5
11 NEt2 5.03 10921.9 6.3 6513.9
Substitution effects on the polarizability (a) and ﬁrst hyperpolarizability (b) of all-trans hexatriene 33enhancement of the ﬁrst hyper polarizability than methyl,
hydroxy and methoxy substitution, as illustrated by the series
1-dimethylamino-6-nitro-hexatriene (bvec1064=9381.1 a.u) and
1-diethylamino-6-nitro-hexatriene (bvec1064=10921.9 a.u.).
The result indicates also that the magnitude of ﬁrst hyperpo-
larizability b of molecules is dependent upon the availability
of the lone pair of electrons on the nitrogen atom to conjugate
with the hexatriene linear chain. The dramatic increase of ﬁrst
hyperpolarizability has been observed when the lone pair on
the nitrogen atom of the donor groups is forced to conjugate
with the hexatriene linear chain, upon substitution on nitrogen
of –NH2 group with other groups, such as methyl, ethyl, hy-
droxyl, etc. Molecule with –NEt2 group shows 54% and
70% increase of ﬁrst hyperpolarizability with compare to mol-
ecule with –OCH3 and –CH3 donor groups, respectively. As re-
gards to the P-electron donating capacity of the typical
substituted groups, we are able to propose a decreasing classi-
ﬁcation, relatively to b hyperpolarizability. The established or-
der is as follows: NEt2 > NMe2 > NHEt > NHMe>
NHNH2 > NH2 > NHOH>OCH3 > OH> CH3 > H.
The optimized geometries are essentially planar with the
hC3C2C1N7 and hC4C5C6N8 torsion angles close to 180. How-
ever, molecules with –NEt2 and –NMe2 show a slight deviation
from the planarity due to the steric interactions of protons of
methyl and ethyl groups with the protons of hexatriene chain.
The valence angles for substituted groups –NEt2 and –NMe2
are hN8C6C5 = 129 and 123, respectively. However, a dissim-
ilar scenario occurs with attractive interactions in molecule
with –NHOH substituted groups where the oxygen atom of
–NHOH interacts with protons of hexatriene chain to form
an O  H bond with RO  H = 1.937A. The torsion and va-
lence angles for this system are hC4C5C6N8 = 174.4 and
hN8C6C5 = 125. The ﬁrst hyperpolarizability of molecule with
–NEt2 groups is much greater than the analogous with –
NHOH, –NH2, –NHMe, –NEt2, –NHNH2 as donor groups.
This is due to lack of planarity of substituted hexatriene chain
due to the free rotation through the C6–N8 bonds. This will in-
crease the overlap of interacting orbitals, which will eventually
increase the CT from donor to acceptor through the linear
chain. The functionality of amino groups –NHOH, –NH2, –
NHNH2, –NHMe, –NHEt and –NEt2, with the binding by
N heteroatom, as a donor and NO2, as an acceptor, is the bestD/A pair among all investigated. According to this, the best
performance for the b nonlinear response is shown by the sys-
tem NO2–(CH‚CH)3–NEt2. The studies on substituted hexa-
triene suggest that symmetry reduction and dimensionality
have a signiﬁcant impact on the ﬁrst hyperpolarizability. The
dispersion effects on the bvec responses were estimated from
the bTDHF/bCPHF ratios, as reported in (Table 2). These disper-
sion effects are stronger for alkylamino substituents but re-
main rather similar among the other compounds, with
slightly larger values for compound with –NEt2.
For these compounds Table 3 lists the norm of the dipole
moment and ﬁrst hyperpolarizability vectors, the angle they
form as well as the b// and bvec responses for TDHF level of
approximation. All compounds under study are characterized
by quasi parallel l and b vectors. As a consequence, all the b//
values are positive. When going from compounds 2–11 does
not lead to changes in the relative orientation of the dipole mo-
ment with respect to the molecule but the amplitude changes: it
increases between 6 and 11 as a result of stronger dialkylamino
substitution Y = NMe2 and NEt2 donor groups.
3.3. Effects of solvent on the ﬁrst hyperpolarizability
In order to examine the effects of solvent on polarizability and
ﬁrst hyperpolarizability behaviour we have considered the sol-
vent within the PCM scheme as prototypical case. Table 4 lists
the bvec and Æaæ values as well as the depolarization ratios for
the 11 molecules calculated at the TDHF/6-31+G* level of
approximation with accounting for the effects of the solvent
within the IEFPCM scheme. The calculated values of average
polarizability at k=1 were 17% higher than those obtained
when considering frequency. However, for the ﬁrst hyperpolar-
izability a contrasted behaviour is observed. At k= 1064 nm,
accounting for the solvent results in an increase of bvec and b//
by typically 40%. Indeed, though larger bvec values are gener-
ally associated with larger larger b// values. This result from
the extent of p-conjugation as well as at the tensor level is asso-
ciated with a strongly dominant bL value. Frequency and sol-
vent effects are much more system-dependent for the ﬁrst
hyperpolarizability. It is important to notice an exception of
the molecule with –NHOH donor group, where the average
Table 4 Polarizability and ﬁrst hyperpolarizability calculated at the TDHF/6-311+G* level of approximation with taking into
account the effects of the solvent using the IEFPCM (acetonitrile) scheme.
NO2, Y k=1 k= 1064 nm
Æaæ bL b// bvec Æaæ bL b// bvec
H 161.54 5656.8 3111.2 5221.4 135.48 5791.6 3271.6 5456.1
CH3 182.96 7991.2 4762.6 7986.8 154.89 8541.4 5162.6 8612.5
OH 181.50 11374.4 6388.2 11340.8 151.35 11528.7 6644.6 11559.2
OCH3 198.85 11948.2 6698.3 11754.4 168.86 12786.8 7369.4 12670.4
NHOH 138.75 3512.8 2075.6 3470.3 144.16 5824.2 3431.4 5736.8
NH2 216.25 19765.8 12523.7 21341.8 179.18 20711.6 13089.6 22069.9
NHNH2 232.01 22304.3 13724.6 22992.9 194.12 24054.5 14759.0 24632.2
NHMe 237.72 22076.9 13859.0 23524.7 200.48 24727.2 15445.9 25948.7
NHEt 255.41 23021.6 14445.0 24551.8 216.90 26333.5 16452.9 27661.8
NMe2 248.70 20715.0 13425.4 22838.3 212.44 25014.8 16086.4 27061.7
NEt2 283.94 22696.0 15054.1 25677.7 243.80 28744.9 18814.4 31692.3
34 N.S. Labidi et al.polarizability and the values of bvec and b// decrease when con-
sidering solvent and frequency dependence.
3.4. Bond length alternation
The works of Marder and Perry (1993) investigated relations
between structure and polarizabilities in donor–acceptor poly-
enes compounds and have shown that the NLO responses of
theses systems can be optimized by varying the geometric
parameter deﬁned as bond length alternation BLA. Table 5
gives the BLA for optimized structure at B3LYP/6-311G* le-
vel. It can be seen that large and strong substituents –NEt2
and –NMe2 groups, make greater structural changes as com-
pared to the small donor groups –OCH3, –CH3 and –OH.
The results ﬁrst show that the substituents act to reduce the
length of the single bonds and to increase the length of the
double bonds. As a consequence, the average bond length
alternation BLAave decreases from NO2/H to NEt2/NO2 by
Dl= 0.033 A˚. However, the unsubstituted trans hexatriene
present at the same level of theory a difference of
Dl= 0.042 A˚ in average BLA. With regards to the bond length
alternation BLA values in the middle and at the end two differ-
ent tendencies are found: (i) for the substituted groups –H, –
CH3, –OCH3, –OH, –NHOH, –NH2, –NHNH2 and –NHMe
the BLA increases when going from the middle to the end ofTable 5 B3LYP/6-311G* optimized bond length (A˚) and Mulliken
Molecule NO2, Y Bond length (A˚)
C1‚C2 C2–C3 C3‚C4 C4–C5 C5‚C6
H 1.341 1.438 1.352 1.446 1.340
CH3 1.342 1.436 1.354 1.442 1.344
OCH3 1.345 1.432 1.358 1.432 1.349
OH 1.344 1.432 1.357 1.433 1.346
NHOH 1.345 1.431 1.359 1.431 1.354
NH2 1.348 1.427 1.362 1.426 1.360
NHNH2 1.348 1.427 1.362 1.426 1.360
NHMe 1.349 1.427 1.363 1.424 1.363
NHEt 1.349 1.426 1.363 1.424 1.363
NMe2 1.349 1.426 1.363 1.426 1.366
NEt2 1.350 1.425 1.364 1.424 1.368
H, H 1.340 1.449 1.349 1.449 1.340
QC/O/N is the Mulliken’s charge on C/O/N of the donor.the molecules. An increase ranging between 0.001 and
0.012 A˚ in BLA is observed. (ii) In the case of very strong
substituted donor (–NHEt, –NMe2, –NEt2) a small but reverse
tendency is observed. A decrease of 0.002–0.003 A˚ in bond
length alternation takes place from the middle to the end. It
is however important to note that globally it is the compound
(11) with –NEt2 donor group that leads to the smallest BLA.
For unsubstituted hexatriene, corresponding to the pure VB
case, the BLA at the middle of the chain is 0.100 A˚ which is
shorter than its end neighbours where the BLA is 0.109 A˚; this
presented a decrease of 0.009 A˚ in bond length alternation
takes place from the middle to the end.
The TDHF/6-31+G* level shows that bvec decreases upon
increasing the BLA. When going from BLA= 0.097 A˚ for (H/
NO2) to BLA= 0.064 A˚ of (NEt2/NO2) systems bvec increases
by factors of 6. This means that the smaller the BLA the larger
the b values. Plaquet et al. (2008) have shown that with a
strong D/A pair the relaxation will cause a large change in
the BLA of the linker and thereby, have a substantial effect
on b. Based on the previous discussions on the link between
the BLA and bvec the two sets of quantities have been plotted
in Fig. 6, leading to a noticeable linear relationship. The Mul-
liken’s charge analysis (Table 5) also shows the systematic in-
creases of the electronic density on the N heteroatom of donor
groups –NH2, –NHNH2, –NHMe, –NHEt, –NMe2 and –NEt2’s charge on (N) in substituted all-trans hexatriene.
BLA (average) BLA (middle) BLA (end) QC/O/N QN=NO2
0.097 0.093 0.106 0.221 0.238
0.092 0.088 0.098 0.652 0.238
0.081 0.074 0.083 0.287 0.237
0.084 0.076 0.088 0.494 0.237
0.078 0.072 0.078 0.377 0.237
0.070 0.064 0.066 0.765 0.236
0.070 0.063 0.066 0.454 0.236
0.067 0.061 0.062 0.537 0.236
0.067 0.061 0.061 0.541 0.236
0.067 0.062 0.060 0.297 0.236
0.064 0.059 0.056 0.285 0.235
0.106 0.100 0.109 – –
0.060 0.065 0.070 0.075 0.080 0.085 0.090 0.095 0.100
1000
2000
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Figure 6 Relationship between the bond length alternation (A˚)
and bvec (empty squares, TDHF/6-31+G*, in a.u.).
Substitution effects on the polarizability (a) and ﬁrst hyperpolarizability (b) of all-trans hexatriene 35associated with P-electron delocalization in linear link.
However, the charge in the N heteroatom in –NO2 acceptor
group in all systems does not change signiﬁcantly. The com-
puted bvec has an excellent correlation coefﬁcient with the
charge (QN=NO2 ) in the N heteroatom at the acceptor groups,
the linear correlation coefﬁcient being 0.96. It may be con-
cluded that for the different strengths of D/A pairs studied
and considering the same linker conjugation the strong –
NEt2 donor group with the N heteroatom bonded directly to
the conjugated P-system, associated with the acceptor –NO2
results in a stronger polarization of the molecule, largest
ground state dipole moment and largest charge in the N het-
eroatom at the donor groups. According to this the best per-
formance for the ﬁrst hyperpolarizability b is shown by the
1-N,N-diethylamino-6-nitrohexa-1,3,5-triene.
3.5. Vibrational and electronic contributions to polarizabilities
The longitudinal components of dipole moments, electronic
and vibrational polarizabilities and ﬁrst hyperpolarizability
as well as the ratio vibrational over electronic (avL/a
e
L), (b
v
L/
beL) of the different substituted molecules are summarized in
Table 6 (the sign of bvL and lL were reversed in order to be con-
sistent with the sign beL).
According to the results reported in (Table 6) we can see
that the variation of the longitudinal component lL with theTable 6 CPHF/6-31+G* longitudinal component of dipole mom
hyperpolarizability for D/A-substituted hexatriene. All values are giv
NO2, Y avL a
e
L a
v
L/a
e
L
H 20.96 207.76 0.10
CH3 28.18 241.88 0.12
OH 56.37 233.97 0.24
OCH3 74.28 265.09 0.28
NHOH 90.44 271.79 0.33
NH2 88.42 269.79 0.33(0.27)
NHNH2 153.02 292.03 0.52
NHMe 153.96 304.83 0.51
NHEt 162.43 328.33 0.49
NMe2 154.67 321.99 0.48
NEt2 139.77 356.54 0.39
The values in parentheses were obtained by Bishop et al. at the CPHF/6strength of donor’s substituents, shows that it varies very
strongly for molecules with the N heteroatom at the donor
groups, because as we have seen the strength of donor groups
inﬂuences the geometrical structure, thus the charge distribu-
tion. In all cases and for the same linker the longitudinal com-
ponents of dipole moments increase in the order. lL NEt2 >
lL NHNH2 > lL NHEt > lL NMe2 > lL NHMe > lL
NH2 > lL OCH3 > lL NHOH> lL OH> lL CH3.
The two contributions to the longitudinal static polarizabil-
ity, electronic and vibrational, are reported in Table 6. From
these values aeL is more affected by changing P-electron donat-
ing capacity than its vibrational counterpart avL. In all systems
the electronic contributions are higher than their correspond-
ing vibrational counterparts. Thus, the ratio avL/a
e
L varies be-
tween 0.10–0.52 and shows a clear inferiority of avL relative
to aeL. Thus the classiﬁcation of the different substituents, upon
the total polarizability atL = (a
e
L + a
v
L) of their corresponding
molecules, is the same as the classiﬁcation given if the vibra-
tional contribution is not taken into account. One can also re-
mark that the vibrational polarizability contribution for
molecules with N heteroatom at the donor groups (–NH2, –
NHNH2, –NHOH, –NHMe, –NHEt, –NMe2 and –NEt2) rep-
resents 24–34% and is clearly superior than in the other com-
pounds with –CH3, –OCH3 and –OH donor groups were the
percent difference is comprised between 9% and 22%.
In addition to the electronic component of the longitudinal
static ﬁrst hyperpolarizability, the vibrational contribution and
the ratio bvL/b
e
L are listed in Table 6. With respect to the
strength of donor groups two different tendencies are found:
(i) For molecules with N heteroatom at the donor groups
(–NH2, –NHNH2, –NHOH, –NHMe, –NHEt, –NMe2
and –NEt2) the vibrational contributions are higher than
their corresponding electronic counterparts bv > be and
the increases in be are most often accompanied by
increases in bv. The ratio bvL/b
e
L ranges between 1.04
and 1.36.
(ii) In the cases of methoxy, hydroxy and methyl substitu-
ents groups an inverse tendency is observed be > bv
and the ration bvL/b
e
L ranges between 0.76 and 0.99.
Our results also bear on the generality of the original
observations by Bishop et al. (1998) and Torrent-
Sucarrat et al. (2003) that the vibrational contribution
can be substantial, and sometimes bv > be for D/A
substituted P-conjugated organic molecules.ents, static electronic and vibrational polarizability and ﬁrst
en in atomic units (a.u.).
beL b
v
L b
v
L/b
e
L lL
1338.6 1009.8 0.75 2.66
2076.2 1569.3 0.76 3.06
2691.7 2339.4 0.87 3.43
3159.8 3114.3 0.99 3.72
3512.8 3651.1 1.04 3.58
3877.1 4061.2 1.05(2.10) 4.48
4472.0 5517.1 1.23 4.80
4651.2 6175.1 1.33 4.63
4924.0 6682.8 1.36 4.75
4955.3 6547.6 1.32 4.67
5554.1 6620.7 1.19 4.94
-31G level of theory (Bishop et al., 1998).
36 N.S. Labidi et al.To see the effects of basis set on the evolution of static and
vibrational (hyper)polarizabilities, we considered the case of
molecule 1-amino-6-nitrohexa-1,3,5-triene which is a prototyp-
ical strong donor (NH2)/strong acceptor (NO2) push–pull lin-
ear polyene at ab initio coupled perturbed Hartree–Fock
(CPHF)/6-31G level (Bishop et al., 1998). The magnitude of
calculated ratio of static electronic and vibrational polarizabil-
ity and ﬁrst hyper polarizability at ab initio coupled perturbed
Hartree–Fock 6-31G/6-31+G* are: aeLð631GÞ=a
e
Lð631þGÞ =
0.89 and avLð631GÞ=a
v
Lð631þGÞ = 0.74, respectively. However,
for the ﬁrst hyperpolarizability the magnitude of the ratios
are beLð631GÞ=b
e
Lð631þGÞ = 1.10 and b
v
Lð631GÞ=b
v
Lð631þGÞ =
2.21. The ratio for both electronic and vibrational polarizabil-
ities is almost unity. However for the vibrational longitudinal
hyperpolarizability the ratio shows a clear superiority of unity.
This means that generally the CPHF/6-31G and CPHF/6-
31+G* basis sets give polarizabilities of the same order of
magnitude. However, small basis set HF/6-31G overestimate
the vibrational longitudinal hyperpolarizabilities. It can be
concluded that small basis set 6-31G results (Bishop et al.,
1998) are acceptable and similar to those of extended
bases set 6-31+G* in this work. The small 6-31G basis
set gives satisfactory results for predicting longitudinal elec-
tronic, vibrational polarizabilities and electronic ﬁrst hyperpo-
larizabilities. However, overestimated the longitudinal
vibrational ﬁrst hyperpolarizability. We conclude that small
basis set can be methodically used to compute the NLO prop-
erties of medium size organic molecules. Thus, the 6-31+G*
basis set seems to be an appropriate choice for studying the
NLO properties of D/A substituted P-conjugated organic
molecules.
4. Conclusions
In the present investigation we reported substitutions effects on
polarizability and ﬁrst hyperpolarizability for all-trans hexatri-
ene using CPHF/TDHF 6-31+G* level of theory. It was
shown that the D/A changes the geometrical structure, the
charge distribution and inﬂuences the electrical proprieties, di-
pole moment and polarizabilities. It also turns out that the pair
NO2/NEt2 gives the largest values of theses proprieties. The
PM6 semiempirical method yielded only good values for polar-
izabilities in accordance with CPHF/TDHF 6-31+G* results,
the correlation coefﬁcient obtained was 0.96 and 0.95, respec-
tively, which means that PM6 results can be accurately scaled
for such molecules. In our systematic comparisons for the rela-
tive variation of beL and b
v
L in substituted compounds we have
found with respect to the strength of donor groups two differ-
ent tendencies, which are found ﬁrstly in molecules with N het-
eroatom at the donor groups shows bv > be. While an inverse
tendency is observed for methoxy, hydroxy and methyl substit-
uents groups where the be > bv. As the solvent and frequency
dispersion effects are considered, larger results have appeared
except the molecule with –NHOH donor group.Acknowledgement
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